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Abstract
We used background adaptation and silent substitution techniques to record full-ﬁeld ON and OFF-visually evoked cortical
potentials (VECPs) selectively from the S-cone and L- and M-cone pathways in 15 patients with primary open angle glaucoma
(POAG), and 15 normal controls. The most statistically signiﬁcant (P ¼ 0:01) VECP test for POAG was a voltage change in the S-
cone pathway cortical OFF-response. A sensitivity of 93% was achieved, with 60% speciﬁcity at minimum error rate. This is pre-
sumed to reﬂect reduced activity in the S-cone and magnocellular visual pathways, and may provide an eﬀective method for research
and monitoring change in early glaucoma.
 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The blue sensation in human color vision is mediated
by a neural pathway, which commences with a sparsely
distributed photoreceptor, variously described as the
blue cone, short wavelength sensitive or S-cone (Ahnelt,
Kolb, & Pﬂug, 1987; Curcio et al., 1991). The S-cone
communicates through a specialised depolarising bi-
polar neuron which transmits an ‘‘ON’’ signal (Calkins,
2001) to a bistratiﬁed midget ganglion cell (Dacey &
Lee, 1994) from which an axonal nerve ﬁbre extends
into the optic nerve. This is the blue-ON, yellow-OFF
pathway. Evidence of a blue-OFF, yellow-ON pathway
is still uncertain (Calkins, 2001), but an ‘‘OFF’’ pathway
through some parasol cells of the magnocellular system,
which receives input from all types of cone has been
identiﬁed (Calkins, 2001; Chichilinsky & Baylor, 1999).
This latter OFF pathway is presumed to relate to the
S-cone input to an achromatic luminance channel, the
existence of which is also supported by psychophysical
experiments (Stockman, McLeod, & DePriest, 1991).
The blue sensitive pathway is considered to be highly
vulnerable to pathologic or toxic damage. A subjective
reduction in blue sensitivity may be one of the earliest
signs of glaucoma whether detected by color discrimi-
nation for blue hues in central vision, (Greenstein,
Hood, Ritch, Steinberger, & Carr, 1989; Sample, We-
inreb, & Boynton, 1986) or by visual ﬁeld investigations,
including short wavelength automated perimetry (Her-
on, Adams, & Husted, 1988; Johnson, 1996; Wild,
Cubbidge, Pacey, & Robinson, 1998).
The precise location of the dysfunction in the S-cone
pathway in glaucoma has not been clearly deter-
mined. Early studies tended to support the concept of
receptoral damage but more recently multiple sites
(Greenstein et al., 1989), and involvement of bistratiﬁed
ganglion cells has been suggested (Quigley, 1998). This is
not easily demonstrated histologically, due to the rarity
of the S-cones pathway neurons and the fact that the
damage may be diﬀuse rather than focal. Recently we
reported that the amplitude of the late negative wave of
the S-cone ERG (the S-cone PhNR) is signiﬁcantly
attenuated in early primary open angle glaucoma
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(POAG), and that the malfunction appeared to involve
not only the S-cones, but, more particularly, the S-cone
bipolars and bistratiﬁed midget ganglion cells (Drasdo
et al., 2001). In these studies, using chromatic uniform
ﬁeld stimuli, the S-cone pathway was shown to be more
sensitive to damage than the L- and M-cone pathway.
Some evidence suggests that damage to the S-cone
pathway extends at least as far as the lateral geniculate
nucleus (Yucel, Gupta, Zhang, Kaufman, & Weinreb,
2000).
Electrophysiology provides an opportunity to inves-
tigate the location and extent of neural damage in the
visual pathways, and possibly to quantify it more ob-
jectively than do psychophysical techniques. Pattern
electroretinograms and visual evoked cortical potentials
(VECPs) elicited by achromatic and chromatic pattern,
motion or uniform ﬁeld stimulation have been reported
as indicators of glaucomatous damage (Bach, Pﬁeﬀer, &
Birknerbinder, 1992; Bodis-Wollner, 1989; Graham
et al., 1996; Harding, 1990; Horn, Bergau, Junemann, &
Korth, 2000; Howe & Mitchell, 1992; Korth, Kohl,
Martus, & Sembritzki, 2000; Korth, Nguyen, June-
mann, Martus, & Jonas, 1994; Marx et al., 1988; Parisi
et al., 2001; Ruben, Hitchings, Fitzke, & Arden, 1994;
Trick, 1991).
Two contributions which are of particular interest
due to high reported levels of speciﬁcity and sensitivity
are those of Korth et al. (1994) who present blue (460
nm) gratings at 0.88 cycles/deg, for 200 ms on a 33 deg
diameter circular ﬁeld, illuminated with yellow light at
570 nm and recorded a VECP. This technique was ap-
plied to patients with POAG and age matched normal
controls. The onset response was analysed and a sensi-
tivity of 75%, with a speciﬁcity 94% was reported. By
contrast it was observed that the tritan score of the 100
hue test applied to the same subjects was a relatively
poor discriminator and most of the POAG group had
normal tritan scores. A further study by Horn et al.
(2000) reported a sensitivity and speciﬁcity of 90% for
the implicit time of the response to contrast modulation
of blue–yellow gratings.
These reports established the possible value of the
VECP from the blue sensitive pathway as a useful test in
glaucoma research but the patient sample to which it
was applied included relatively advanced cases of glau-
coma (MD 8:9 5:3 dB), (Horn et al., 2000). The
sample was entirely appropriate for an initial study as it
enabled correlations with other diagnostic data to be
calculated. However, it could give a misleading impres-
sion of the sensitivity of the method if this was to be
applied to POAG in its earliest stages which are of
particular interest. Another signiﬁcant feature of these
studies was that the blue oﬀset potentials were not
analysed.
Given the encouraging results obtained by pattern
stimulation, we investigated the possibility that an
S-cone VEP elicited by Ganzfeld stimulation, which has
the advantage that it is relatively unaﬀected by optical
blur, and age related media changes (Drasdo et al.,
2001), could be shown to be sensitive to speciﬁc damage
in earlier stages of POAG. The results were compared to
VECPs from the L- and M-cone pathways in the same
subjects.
2. Method
Patients with glaucoma were recruited from glau-
coma clinics at the University Hospital of Wales, Car-
diﬀ. Fifteen patients with POAG (median age 63.0 years,
age range 50–72 years) were identiﬁed by a consultant
ophthalmologist. All the patients had Goldmann to-
nometry and stereoscopic optic disc photography which
provided high grade images of the optic disc and retinal
nerve ﬁbre layer and were assessed by an experienced
clinician. This group had mild to moderate ﬁeld defects
and a history of raised intraocular pressure (IOP) but
were currently under treatment (IOP mean 14.57, SEM
0.76 mmHg). These IOPs at the time of testing were
determined using the ocular blood ﬂow tonometer and
IOPs were closely similar to those of the control group,
due to the eﬀect of treatment.
All glaucoma patients had corrected visual acuity of
6/9 or better in the tested eye. All had normal anterior
segment on examination by slit lamp and gonioscopy.
Patients who had had intra-ocular surgery or those with
diabetes, ocular trauma or other ocular disorders were
excluded. The psychophysical and electrophysiological
tests were completed in one visit of 2 h duration.
The control group consisted of 15 volunteer subjects
median age 59.5 (range 38–75 years), with normal visual
ﬁelds, discs and IOP (14.14 mean, SEM 0.62 mmHg).
There was no statistically signiﬁcant diﬀerence between
the age distributions of the POAG and control groups.
The corrected visual acuities were 6/9 or better. There
was no family history of glaucoma, and discs were
graded as normal. There was no history of colour vision
deﬁciency, family history of colour blindness, eye inju-
ries, surgery, or ocular disease. The control subjects
attended for two appointments less than two weeks
apart. The psychophysical tests were carried out in the
ﬁrst visit.
Patients and controls were assessed on the 24-2 SITA
Standard program on the Humphrey Visual Field
Analyser II (HFA Humphrey instruments, San Lean-
dro, CA. Model 730). The time required to examine 56
locations within the central ﬁeld out to 24-deg eccen-
tricity (Program 24-2) was 4–6 min. The visual ﬁeld
and IOP measurements were repeated at the second visit
and then the electrophysiological tests were performed.
Field loss, as indicated by global indices from Hum-
phrey Perimetry (SEM in parenthesis) were, MD for
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POAG ¼ 3:96 (0.97), for Control ¼ 1:36 (0.17) (P ¼
0:0001). PSD for POAG ¼ 5:28 (0.80) for Control ¼
1:62 (0.10) (P ¼ 0:0001) using unpaired t-test.
The study was approved by the ethical committees of
the Bro Taf Health Authority and the Department of
Optometry and Vision Sciences. Informed consent was
obtained from the participants before commencing the
study which was conducted in accordance with the te-
nets of the Helsinki Declaration.
2.1. Subject preparation
Nine mm silver/silver chloride electroencephalogram
(EEG) electrodes were placed on the mid-line, at 15%
above the inion (active), at the vertex (reference) and on
the forehead (earth). Contact impedance was reduced by
skin preparation to below 4 kX. The unstimulated eye
was patched throughout the recording. The eye with
best vision was selected, except in cases of monocular
glaucoma.
The pupil was dilated using one drop of 1% Trop-
icamide (Chauvin Pharmaceuticals). A second drop was
used in subjects who had dark irides or if 8 mm pupil
diameter had not been achieved. Anterior chamber an-
gle depth was checked against the Van Herick scale to
assess the suitability of the patient prior to instillation
of the mydriatic (angles of less than Grade 3 were
excluded, Van Herick, Shaﬀer, & Schartz, 1969). IOPs
were measured before and after instillation.
The responses were recorded on a Medelec Sapphire
4IIe unit (Oxford Instruments). The resistance of all
electrodes was checked at regular intervals during the
session to ensure that the resistance was below 4 kX. The
free-running EEG monitor traces were observed before
recording each response to ensure that there was no
interference and that the patient was alert and relaxed.
Automatic rejection of any traces 2.5 larger than the
input sensitivity ensured that large muscle interference
and blinks were not averaged.
The ﬁlter band-pass was 3–50 Hz. Since the signals
tended to be of low amplitude, each S-cone pathway
VECP was the average of 125 accepted responses and
two sets of 125 were then averaged OFF-line. A minia-
ture ganzfeld, light emitting diode stimulator (C.H.
Electronics) was used for all recordings.
2.2. M- and L-cone pathway VECP recording
The response to a 200 ms red (650 nm) pulse at 50
cdm2 was recorded at 1.8 Hz, on a blue (450 nm)
background which was strong enough to saturate the
rods (4000 scotopic trolands). After 1 min of pre-
adaptation to the blue light, an average of 200 responses
was recorded. A 500 ms time window allowed full ex-
amination of both the ON and OFF components of the
evoked potential.
2.3. S-cone pathway VECP recording
A technique of silent substitution stimulation with
background adaptation similar to that of Sawusch,
Pokorny, and Smith (1987) was used. This has been
described in more detail in a recent report. (Drasdo et al.,
2001). Long wavelength background illumination (650
nm) was used to provide a selective suppression of the L-
cone response at 108 cd m2. Alternating blue (450 nm)
24 cd m2 and green (535 nm) light of variable lumi-
nance superimposed on the red background was ﬁrst
viewed at 33 Hz to achieve a photometric balance by
adjusting the green. At this frequency rods and S-cones
do not contribute signiﬁcantly to the sensation and the
balance is presumed to be correct for the M-cones. The
balance point was extremely precise, but varied slightly
between individuals. When the frequency of this bal-
anced stimulus is reduced, the M-cone output remains
silenced, but the S-cones respond vigorously so the
S-cone pathway VECP is recorded. The rod response is
saturated at the intensities used which even in the phase
of minimum scotopic luminance (greenþ red) was
>2000 scotopic trolands. In a previous report (Drasdo
et al., 2001) we showed that the absence of the OFF
response in the S-cone ERG, under these stimulation
conditions, occurs only near the point of blue/green
balance, demonstrating the purity of the signal. To ob-
tain large amplitude VECP responses with separate ON
and OFF components, the frequency was reduced to
1.67 Hz.
3. Results
When the individual S-cone pathway VECPs were
examined they were observed to vary considerably in
appearance (Fig. 1). However group average S-cone and
L- and M-cone pathway VECPs had a characteristically
diﬀerent though complex morphology with large OFF-
potentials (Fig. 2). It was noted that the group averaged
VECPs diﬀered in the POAG group and the controls
(Figs. 2 and 3).
Due to the inter-individual variation in the individual
S-cone pathway VECPs, it was diﬃcult to identify rec-
ognisable features so that the amplitudes and latencies
could be compared in the traditional manner. To over-
come this problem we therefore adopted a diﬀerent
strategy. Firstly, the group average POAG traces were
subtracted from those of the controls. This revealed a
‘‘diﬀerence signal’’, with well deﬁned transients at spe-
ciﬁc implicit times. Having established the implicit times
of the major voltage transients, the individual traces
could then be cursored to show the voltage changes at
those times. The times for the selected voltage changes
were as follows: For the S-cone pathway, ON 138–174
ms, OFF 450–476 ms, and for the L- and M-cone
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pathway, ON 94–119 ms, OFF 347–365 ms. The points
that were cursored often did not coincide with any peak
or trough in the individual POAG or control traces, but
statistically signiﬁcant diﬀerences were found, between
these amplitudes for the two groups (Table 1).
A receiver operating characteristic (ROC) analysis
was conducted on the data for the two groups. The most
statistically signiﬁcant (P ¼ 0:01) test for POAG with
the largest area enclosed by the ROC curve (77% of
maximum), was the S-cone pathway cortical OFF-
potential. A sensitivity of 93% was achieved, with 60%
speciﬁcity at minimum error rate. This is comparable
with the S-cone ERG (sensitivity 72%, speciﬁcity 79%),
which may be recorded simultaneously and which we
have reported previously (Drasdo et al., 2001).
4. Discussion
The presence of the large OFF-potential in the S-cone
pathway VECP is surprising since, there is no OFF-
signal in the S-cone ERG (Drasdo et al., 2001; Gouras,
Mackay, & Yamamoto, 1993; Sawusch et al., 1987). The
absence of an OFF response in the S-cone ERG is to be
expected since blue cone bipolars are all, or virtually all,
ON cells (Calkins, 2001).
The S-cone pathway VECP ‘‘diﬀerence signal’’ de-
scribed above (Figs. 2 and 3) might be regarded as the
signal that is generated in the normal pathway, by a
group of cortical neurones, which are damaged in early
glaucoma. There are several reasons for supposing that
these neurones are located at cortical level, rather than















































Fig. 1. Individual traces showing the high inter-individual variability
of the S-cone VEP. Horizontal axis shows time in ms and black bar
represents duration of the blue stimulus. (a) The POAG group and (b)






















Fig. 2. Group averaged S-cone pathway VECPs, from the POAG
group, the Control group, and the diﬀerence signal, obtained by sub-
tracting POAG from Control. The diﬀerence signal is presumed to
reﬂect the response of those cells among the generators of the electrical
signal, which are damaged in POAG. Horizontal axis shows time in ms
and black bar represents duration of the blue stimulus.





















Fig. 3. Group averaged L- and M-cone pathway VECPs, from the
POAG group, the Control group, and the diﬀerence signal, obtained
by subtracting POAG from Control. The diﬀerence signal is presumed
to reﬂect the response of those cells among the generators of the
electrical signal, which are damaged in POAG. Horizontal axis shows
time in ms and black bar represents duration of the red stimulus.
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damage. Firstly, the ERG studies (Drasdo et al., 2001;
Graham et al., 1996) suggest that the activity in the
retina is reduced by less than 40%. Due to the non-lin-
earity and automatic gain control of the visual path-
ways, large reductions at the input may be expected to
make small diﬀerences to higher levels of neural activity
(Drasdo et al., 2001; Heinrich & Bach, 2001; Sieving,
Murayama, & Naarendorp, 1994). Secondly, since there
is no signiﬁcant OFF-potential in the S-cone ERG, the
signal which is attenuated most in this study must
originate somewhere above retinal level. Thirdly, it has
been shown that damage occurs in the visual pathways
at least as far as the LGN in experimental glaucoma
(Chatuverdi, Hedley-Whyte, & Dreher, 1993; Gupta &
Yucel, 2001; Yucel et al., 2000).
As mentioned in the introduction, studies on both
psychophysics and retinal micro-circuitry of the S-cone
system suggest that there is an OFF-input from the
S-cones to some parasol cells, providing input to
the achromatic magnocellular pathway (Calkins, 2001;
Chichilinsky & Baylor, 1999; Stockman et al., 1991)
which is known to be represented at cortical level.
The fact that the magnocellular VEP tends to have
large OFF-potentials, and that much evidence suggests
that the magnocellular pathway is damaged in POAG
(Johnson & Samuels, 1997; Maddess & Henry, 1992;
Quigley, 1998) though not necessarily selectively (Mor-
gan, Uchida, & Caprioli, 2000) gives further support to
this hypothesis.
4.1. Clinical application
Although the observed sensitivity of 93% might be
considered highly satisfactory, the low speciﬁcity of 60%
would constitute a problem if this test were considered
for use in isolation, or as a screening test. However, the
POAG subjects in our study were at a relatively early
stage in the development of the disease since the average
MD was signiﬁcantly lower than in comparable studies
(Graham et al., 1996; Korth et al., 1994). A higher
speciﬁcity could be expected, at minimum error rate,
since the cut-oﬀ criterion could be increased if more
advanced cases had been included. On the evidence of
this report, the S-cone pathway cortical OFF-potential
may provide the basis for a useful investigative test, if
applied to monitor progress or the eﬀect of treatment in
early glaucoma, and particularly when recorded simul-
taneously with the S-cone ERG (Drasdo et al., 2001)
which would add little extra time to the investigation. A
comparison between the two tests may provide insight
into the duration and progress of POAG, because trans-
synaptic degeneration only occurs over extended periods.
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